Variation of magnetocaloric (MC) effects has been systematically investigated for colossal magnetoresistive (CMR) manganites R0.6Sr0.4MnO3 (R=La-Gd). As the one-electron bandwidth is reduced, the temperature profile of MC effect, i.e. field-induced entropy change, exhibits a steeper drop below the ferromagnetic transition temperature due to its first-order nature promoted by a competing charge-orbital ordering instability. For these small-bandwidth systems adjacent to the metal-insulator phase boundary, a rectangular-shaped profile for the entropy change emerges with an anomalously wide temperature range and a considerable magnitude. Model calculations have indicated that the fluctuation enhanced in the phase-competing region has a strong impact on such MC features, which can be extensively controlled by the chemical composition.
A magnetocaloric (MC) effect refers to the isothermal entropy change, ∆S, and the adiabatic temperature change, ∆T ad , induced by applying (or removing) a magnetic field to the materials. Since it constitutes the basis of the magnetic refrigeration with environmental friendliness and high efficiency, the quest for giant MC materials is currently of great interest.
1 It was recently found that systems undergoing a first-order magnetic transition show a large ∆S at the transition temperature, T C . Alloyed metals with T C near room temperature were hence the main subject of research, aiming at the application to refrigerators and air-conditioners.
2-4
In addition, the low-temperature refrigeration such as hydrogen liquefaction now requires the wide-range refrigeration ability down to ∼20 K. In such contexts, colossal magnetoresistive (CMR) manganites, where T C of ferromagnetic metallic (FM) phase can be widely tuned by changing the one-electron bandwidth, can be promising MC materials. Although various large-bandwidth manganites have been intensively investigated so far, 5 systematic studies focusing on the narrow-bandwidth systems with low T C are quite rare. 6, 7 In the latter case, as a result of phase competition with a charge-orbital-ordered (CO/OO) insulator, sharp FM transitions are observed as the CMR phenomena, 8 where substantial ∆S may be generated by a weak field.
The purpose of this Letter is to reveal the comprehensive feature and the underlying new physics for the MC effect of the CMR manganites. As an ideal arena for this, we have adopted a series of single crystals of R 0.6 Sr 0.4 MnO 3 (R=La-Gd), which exhibit the wideranging T C from 375 K to 59 K by decreasing the ionic radius of R site, or the bandwidth [ Fig. 3(a) ]. The magnitude of the bandwidth is determined by a tolerance factor f , defined such that f = (r A + r O )/ √ 2(r Mn + r O ), with r A , r Mn , and r O being the (averaged) ionic radii of the perovskite A-and Mn-site cations and oxygen, respectively. 9, 10 Even in the most reduced-bandwidth regime, no long-range CO/OO phase is realized due to the quenched-disorder effect arising from large mismatch in ionic size of R and Sr, and instead a spin glass (SG) phase shows up with only short-range CO/OO correlation. 11 We have revealed a systematic change in MC properties throughout the phase diagram and, in particular, an anomalous MC effect characterized by a wide temperature range exhibiting substantial ∆S. Detailed comparison with model calculations indicates that the origin is ascribed to the gigantic phase fluctuation evolving near the phase boundary to the SG phase.
Single crystals of R 0.6 Sr 0.4 MnO 3 (R=La-Gd) were grown by a floating zone method.
12,13 Powder x-ray diffraction exhibited that the obtained crystals are of single phase. The magnetization was measured with a superconducting quantum interference device (Quantum Design). The specific heat measurement was performed by a standard heat relaxation method, using Physical Property Measurement System (Quantum Design).
We first focus on the R=Sm compound, which exhibits a first-order FM transition around 123 K [ Fig.  1(c) ], as a typical example. We can indirectly obtain ∆S by utilizing the Maxwell relation: ∆S(H, T ) = H 0 (∂M/∂T ) H dH, where H, T , and M are applied field, temperature, and magnetization, respectively. Using all the discrete M -H data shown in Fig. 1(a) , we numerically calculated the ∆S values [open circles in Fig. 1(c) ]. As an alternative, measurements of the specific heat C(H, T ) at H=0 T and 6 T [ Fig. 1(b) ] can also figure out ∆S based on the thermodynamic law:
Because of the difficulty in measuring the sharp peak stemming from the latent-heat contribution at 0 T by the relaxation method, we interpolated the data by a Lorentzian function following the literature, 14 when performing the numerical T integration. Thus calculated ∆S values [closed circles in Fig. 1(c) ] are in good agreement with those from the M data. This consistency between the magnetic and calorimetric measurements ensures the validity of relying on the Maxwell relation in the present systems, despite their first-order nature of the transition. 15 In the following, we have estimated ∆S from the M data. We show the temperature dependence of M for R 0.6 Sr 0.4 MnO 3 (R=La-Gd) at 0.5 T in Fig. 2(a) . For the R=La crystal with the largest bandwidth, a simple second-order FM transition was discerned at T C as high as 375 K. With decreasing the bandwidth, T C systematically decreases and the FM transition becomes steeper. Judging from the temperature hysteresis at the transition, the critical end point of the first-order transition seems to locate in the vicinity of R=Sm 0.5 Nd 0.5 .
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In the systems with smaller f , such as R=Gd 1−x Sm x (0.5 ≤ x ≤ 1), the apparent first-order FM transition was observed, except for the R=Gd crystal (SG insulator).
The resultant curves of −∆S are shown in Figs. 2(b) and (c) for H=1 T and 6 T, respectively. The temperature range of the significant MC effect can be widely controlled from 50 K to 400 K by changing the R species.
In the large-bandwidth systems (R=La and Pr), −∆S exhibits a broad peak at T C . Both its height and width steadily increase with increasing the magnitude of H, characteristic of the second-order transition. When the bandwidth of the system is reduced, the shape of −∆S becomes sharper with a sudden drop below T C . Accorde f e e g e e h e e i e e e p f e q r s t ingly, the peak value becomes larger and reaches ∼10 J/kg K (∼18% of the total magnetic entropy) for H=6 T for R=Sm, although it saturates for R=Gd 1−x Sm x (0.5 ≤ x ≤ 1). There, the height of the −∆S peak is not sensitive to H above 1 T, whereas its width increases nearly linearly with H, as is typical of the first-order transition. Noteworthy is that their peak shape changes to the rectangular one with an anomalously wide plateau temperature region (e.g., ∼50 K for R=Gd 0.5 Sm 0.5 for H=6 T), as compared with the case of rare-earth alloys showing the first-order transition at similar T C . 17 A gradual but large increase in −∆S below 40 K is probably due to the contribution from the Gd spins.
To provide a perspective of the MC properties for R 0.6 Sr 0.4 MnO 3 (R=La-Gd), we display in Fig. 3(b) a contour plot of −∆S for H=6 T on the entire f -T plane. Contour values are determined by interpolation based on the data shown in Fig. 2(c) . Depending on the behavior of ∆S, we roughly classify their MC effect into three regions in the f -T plane. In the region (I) corresponding to R=La-Pr with the second-order FM transition, −∆S exhibits a broad peak around T C , forming a yellow-colored (online) hump. In the intermediate-bandwidth region (II), such as R=Nd-Sm 0.5 Nd 0.5 , T C begins to rapidly decrease with decreasing the bandwidth due to the enhanced antiferromagnetic CO/OO correlation. 18 Further- more, the FM transition approaches the first-order one accompanied by a sharp drop in −∆S below T C , which results in the evolution of the red-colored (online) sharp ridge. In the region (III) corresponding to R=Gd 1−x Sm x (0.5 ≤ x ≤ 1) with the narrowest-bandwidth, T C is markedly suppressed as the SG phase is approached. These crystals undergo a first-order transition even at high fields, leading to a steep rise in −∆S above T C . The resultant rectangular-shaped −∆S is highlighted as the red-colored (online) plateau structure below ∼150 K. In each case, we hereinafter make a detailed comparison between the model calculation and the observed data. In the region (I), the mean-field calculation of ∆S using the Heisenberg model of spin s=1.8 with the equivalent T C can almost reproduce the experimental values, as exemplified for R=Pr in Fig. 4(a) . Because of the large spin value and the weak CO/OO instability, the meanfield approximation works well in this regime. Nevertheless, a small deviation is discerned particularly above T C , which can be improved by the theory taking account of the bicritical fluctuation (vide inf ra).
As shown for R=Sm 0.5 Nd 0.5 in Fig. 4(b) , the Heisenberg model can no longer reproduce the sharp drop in −∆S below T C in the region (II). To compare this behavior with the first-order transition model, we took account of the magnetostriction effect in the meanfield Heisenberg Hamiltonian:
, where ε is the amount of the dimensionless lattice strain, z the number of the nearest neighbors, s the thermodynamic average of the spin, s i the spin operator at the i site, g the Landé factor, µ B the Bohr magneton, and κ the elastic constant. The magnetostrictive exchange energy is given by J(ε) = J 0 − λε, where J 0 is determined as 2zJ 0 = 3k B Θ P /s(s + 1) (k B is the Boltzmann constant) and λ is a positive coefficient. Θ P corresponds to the FM transition temperature, provided that the one-electron bandwidth is simply reduced without the CO/OO instability [see Fig. 3(a) ]. The elastic energy term
effectively includes the sum of the energy loss due to the lattice strain and the energy gain due to the Jahn-Teller effect, arising from the CO/OO correlation. Because ε = 1 (for H=0 T) above T C so as to minimize this term, the reduced ferromagnetic exchange coupling J 0 −λε results in T C lower than Θ P , which mimics the short-range CO/OO correlation evolving above T C . After calculating s and ε by minimizing the free energy, we determined λ and κ so that T C and the temperature profile of ∆S are most consistent with the experimental results. The result fitted for R=Sm 0.5 Nd 0.5 is shown by a dashed-twodotted line in Fig. 4(b) . Whereas it reproduces the −∆S drop below T C , its peak height is ∼2 times as high as the experimental value. Furthermore, the predicted behavior above T C differs significantly from the experimental results.
To correctly take into consideration the effect of fluctuations enhanced in the phase-competing region (II) beyond the mean-field scheme, we now deal with the phenomenological Ginzburg-Landau model based on the renormalization group analysis. 22 This method not only successfully explains the first-order FM transition around the bicritical point for CMR manganites, but also derives the universal scaling relation between H/M and M 2 (Arrot plot), expressed as
2 ), where r M , r ρ , N ρ , and g ρM are scaling parameters, ρ the order parameter of charge ordering, and f ′ (x) = x 4 (ln x + 1). Following the literature, 22 we performed the scaling plot of the M -H data for R=Pr-Sm 0.5 Nd 0.5 by regarding f as a parameter controlling the bandwidth. Note here that r M and r ρ are expanded with respect to T and f near the bicritical point: Fig. 4(b) ]. The result well reproduces the broad tail above T C as well as the steep drop at T C , which the mean-field calculation fails. The enhanced fluctuation makes the system sensitive to a magnetic field, which may effectively broaden (ln x+1).
the peak width of −∆S. Also for R=Pr, the renormalization group analysis works better than the mean-field one [ Fig. 4(a) ], indicating some influence of the fluctuation even in the region (I). The plateau structure of −∆S observed in the region (III) cannot be reproduced by the mean-field calculation in either the Heisenberg model nor that with magnetostriction, as shown for R=Gd 0.5 Sm 0.5 in Fig. 4(c) . (We are not concerned here with the broad peak at the lowest temperature, stemming from the Gd spins.) Although the latter model can reproduce a rectangular shape, its width is less than 1/3 of that observed and its height is about 3 times. This anomalously wide plateau might be also caused by the fluctuation further developed in the low-T C systems. As described in the literature, 22 however, the scaling relation cannot be applied to the strong-fluctuation regime accompanied by the distinct first-order transition like the region (III). In this regime, quenched disorder arising from the A-site solid solution completely suppresses the long-range CO/OO phase. It leads to the short-range CO/OO state evolving above T C , 11 which tends to promote the first-order nature of the FM transition. To correctly deal with their MC phenomena, we hence need a more elaborate model which takes account of the strong quenched disorder in addition to the phase competition.
From a practical viewpoint, this series of manganites may be suitable as a magnetic refrigerant especially below ∼200 K. There, they indicate the good performance: a refrigeration range of as wide as ∼50 K with substantial heat extraction (−∆S ∼ 10 J/kg K) for H=6 T, achieving the cooling capacity 1,5 of ∼500 J/kg comparable with that of the giant MC materials. Furthermore, the plateau-like shape of the −∆S peak is suitable for the Ericsson cycle, where the constant ∆S as a function of temperature is required within the cooling region.
23,24
In conclusion, we have investigated the overall feature of the MC effects for a series of CMR manganites R 0.6 Sr 0.4 MnO 3 (R=La-Gd) with the controlled bandwidth. With decreasing the bandwidth (or T C ), the −∆S peak becomes larger, changing to a rectangular shape, due to the first-order nature of the transition induced by the competition with the CO/OO instability. By performing various model calculations, we have attributed the observed unusually wide temperature range of their MC effect to the gigantic fluctuation in the phasecompeting regime. Thus, the electron correlation can strongly affect (or sometimes improve) the MC features, giving a new clue to exploring giant MC materials.
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